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Introduction 



The present report summarizes the analysis which have lead to the detection of abnormal 
protein clusters (combinatorial protein patterns, CPP) on the cell surface of peripheral 
mononuclear cells (MNC) in ALS. These clusters are both the first biomarker of ALS and the 
rational for new therapeutic strategy interfering with these clusters which are all associated 
with the FcyRffl Receptor (CD16). These FcyRIII-associated clusters are part of the ALS 
Toponome 1 . 

The first part of this report gives an overview on the concept of the toponome and on the 
technology that underlies these analysis which enables for the first time protein fingerprinting 
on the single cell level (toponomic fmgerprmting). The second part describes the methods 
used in this study and the third part describes the results including the visualization of the 
abnormal protein clusters in ALS. 



Summary 



In order to analyse the cell surface differentiation status of peripheral blood mononuclear cells 
(MNC) in ALS Toponomic Fingerprinting with a library of 18 different antibodies was 
performed. 

Toponomic Fingerprinting is a technology that allows for the first time to trace out protein 
networks on the single cell level 

In the 2D approach the protein expression was visualized at the single cell level in the 2D 
mode. After setting a protein-specific threshold, protein combinations could be expressed as 
binary codes (1 = protein is present above threshold, 0 = protein is present below threshold). 
To detect disease specific protein combinations, MelTec screens for a common denominator, 
the so called CPP-motif (see methods). For example, the CPP-motif "01**" denotes all 
protein combinations where protein 1 is expressed below threshold (0) and protein is above 
threshold (1), while each of the other two markers can be present or absent (*). Cells can 
theoretically combine n screened proteins in 3 n different CPP-motrfs. Screening 18 cell 
surface marker proteins allows for 387 Mio. possible motifs. Comparing MNC's from 
healthy volunteers and ALS patients both groups show statistically significant differences (p 
< 0.025) in 140 CPP-motifc. All abnormal ALS-specifie CPP-motifc contain CD16 (FcyRUl) 
as the leading protein and therefore form ALS-specifie super-motifs. 

To validate the 2D-data we performed a 3D analysis by imaging the cells in 500nm 
overlapping z-stacks. Per MNC 13 optical sections were obtained by deconvolution. The 3D 
images verify the ALS-specifie CPP motifs, Le. abnormal cell surface protein clusters, 
containing CD16, indicating an abnormal cell surface differentiation. 

On the basis of the here presented 2D and 3D data a peripheral biomarker for ALS and basis 
for CD16-oriented modification therapy has been established. 



1 Toponome: "Topes" (greek: place) and Nemos (greek: law), the entirety of alJ proteins, protein-complexes, and protein 
networks traced out directly on the single cell level in the natural environment of the cells in situ. W. Schubert, 
Topological Protcamics. Toponomics, MEIX-Tcchnology. In: Hecker, M, Mflllner, S. (eds,). Proteomics of 
Microorgani sinus: Fundamental Aspects and Application, Advances in Biochemical Engineering/Biotechnology. Springer 
Verlag, Berlin-Heidelberg-New York (In press) 
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The concept of the Toponome 



In earlier work (see chapter toponomic fingerprinting) a whole cell protein fingerprinting 
technology (WCPF)/MELK) was developed, that allows for the first time to analyse 
quantitatively protein networks and protein complexes at the single-cell level, in the natural 
environment of cells in situ (e.g. in tissue) by tracing out hundreds of proteins at the 
subcellular level (essentially) simultaneously. By using large tag libraries to label any proteins 
in cells simultaneously 2 the technology unravels the hierarchy of proteins and protein 
complexes assembled in the cell's toponome. By definition, the toponome 3 is the entirety of 
all proteins, protein-complexes, and protein networks traced out directly on the single cell 
level in the natural environment of the cells in situ (e.g. tissues) by whole cell protein 
fingerprinting. The technology addresses the fact that each protein must be at the right time at 
the right place at the right concentration in a cell to interact with other proteins assembled in a 
spatially organized network. To encode the myriads of cellular tlmctionalities, cells appear to 
having at their disposal a large, albeit finite and highly non-random repertoire of toponome 
units (TU's), i.e. a system of rules to construct topological hierarchies in a cell's proteome. 
The entirety of these TU's represents the total functional code of a cell. The complete 
toponome is therefore as fundamental a data set as the genome or the proteome. 

Deciphering the human toponome is a necessary next step in functional genomics. It is now 
feasible by combining whole cell protein-fingerprinting (WCPF/MELK) technology, 
experimental cell models, and functional protein-linkage analyses, yet requiring new data- 
mining, statistical, and mathematical strategies involving e.g. a fusion of combinatorial 
geometry and stochastics. 



Fig. I gives an example of a toponomic fingerprint of a cell displaying a network of multiple subcellular protein complexes 
assembled within defined subcellular sites (ER, Golgi, early and late golgJ vesicles, a.s.a). Note that every possible 
functional state is characterized by specific topological arrangement of subcellular protein complexes that can be observed 
directly by whole cell protein fingerprinting in thousands of cells simultaneously (Toponome Mapping Factory). 

Given the cell, we can distinguish at least four distinct functional levels: 

genome, transcriptome, proteome, and toponome. The information content increases 
dramatically at each level (Fig. 2). In order to properly address cell functionalities, it is 
necessary to analyse the toponome, because (i) it integrates proteins and their yB$C;us 
modifications into 3D networks, (ii) allows to obtain information on rapid functional cfyapges 
due to translocation and topological rearrangement of proteins (i.e. rapid biophysical 



U. Schubert, W.: US-Patent 6,150,173, "Automated Deter min ing A Measuring Device & Method" 

Toponome; Topos" (greek: place) and Nomas (greek. Inw). W. Schubert, Topological Ptotannica, Toponomica. MEUC-Tcchno 
Heckcr, M , MflJlncr, S. (cds.X Protcomics ofMicroorganisnuis: Fundamental Aspects and Application, Advances in Biochemical 
Engineering/DiotEcimoloEy. Springer Vertag, Bertto-He4de!berB-New York (la press) 
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processes like diffusion, collision, protein assembly, disassembly, a.s.o.) and (iii) represents 
(the result of applying) all the rules tiuit^lls*us^cW^ 3D 
organisation of the proteome that enciphers the myriads of cell functions. 



Fig. 2 a) Schematic illustration of Ihe different functional levels of the cell and the related increase of 
information content; b) Note that different functional codes of the cell represented by different subcellular 
protein networks (2 cells, bottom images), cannot be recognized by expression profiling ptroteomic techniques, 
because the abundance of the single proteins is identical in both cells and averaging over extracted proteins 
allows no conclusion on the single cell level (upper 2 images) 

Given the peripheral mononuclear cell (MNC), the MELK approach allows for the first time 
to analyse the toponome of cell surface proteins. Thereby h is possible to identify abnormal 
combinations of proteins at the cell surface, that would otherwise not be conspicuous because 
their abundance and/or regulation, captured by conventional proteomics or transcriptomics 
technologies is not abnormal. Therefore the MELK technology kept as the unique technology 
to quantify the toponome of the cell surface. 



Toponomic Fingerprinting: Technology Overview 



Principle of Toponomic Fingerprinting (TF) 

The technological principle of TF is based upon the theory that a cell is made up almost 
entirely by protein-complexes in all compartments and also in the cytosoL Earlier data 
suggested that this allows proteins to diffuse freely between these complexes with a kinetic 
almost like in water although the average concentration of proteins in a given compartment 
may be serrricristalline. By this highly conserved structural principle the internal environment 
of the cells provide a stable diffusion kinetic for any protein, for example for newly 
synthesised proteins across denned water channels. Provided that (i) this all over protein 
structure of a cell can be preserved by specific "fixation" methods, (ii) externally applied tag 
molecules, like antibodies, can penetrate the cellular membranes, and (iii) the binding of a tag 
molecule to a specific target molecule within the cell can be detected optically, it is possible 
to localize any number of protein species (or other molecular classes) in a cell by using large 
tag libraries applied by an imaging robot (Appendix-Fig. 1). Since the tag molecules can 
diffuse freely through the cellular "water channels" and recognise their target molecules in the 
cell, we call this diffusion principle "Successive Ligand Aggregation Stable Diffusion 
Channelling (SLASDIC)". Using SLASDIC we address the toponome which is the entirety of 
proteins, protein complexes and protein networks traced out directly on the single cell level It 



1 Schubert, W. EJCB, 58, 393^10 (1992) 



a) 



Biological Information 




Biological selection 



Infinite .datBspace" 
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is held that the toponoroe e aciphers the complete functional plan of a cell or a tissue. It is 
composed oFMgh^^^rSntSm^ toponome unit 

(FTU's). There are clear-cut rules for the local formation of FTU's in cells, which, when 
deciphered by TF al a large scale, unravel the hierarchies of proteins and directly lead to the 
detection of key target proteins. This functional organization of proteins is inaccessible when 
the cellular structures are destroyed, as for example by large scale expression profiling 
procedures. 

All steps from the robotic generation of primary toponome data to the detection of functional 
toponome units follow highly standardized protocols and have been fully automated 
(Appendix-Fig. 2). 



Data acquisition 

Briefly, by a two-step water extraction of cells the proteins, protein complexes and protein 
networks in the cell are highly stabilized in situ. By this same procedure the cellular 
membranes are made penetrable for tag libraries, like antibody libraries. In most cases 
monoclonal antibody libraries are used to tag proteins within the cell Each antibody of the 
library is conjugated to one specific dye, for example FTTC. This dye-conjugated library is 
then calibrated according to antibody concentration, tissue or cell type of interest, and optical 
parameters of the robotic set up. All the following steps are fully automated and performed by 
the imaging cycler MELK (MulU-Epito^-Ligand- M Kartograph''). One single MELK robot 
(Appendix-Fig. 1) consists of a multi-pipette handling unit, a modified upright or inverse 
epiftuorescence microscope, and a sensitive CCD imaging system. Multiple MELK robots can 
be assembled to cooperative networks for "massive parallel toponome screening". The device 
permits the automated running of Repetitive-Incubation-Imaging-Bleaching Cycles (RIIBC) 
on any type of biological sample, a single cell or thousands of cells simultaneously, or tissue 
sections. Briefly, a first dye-conjugated AB is incubated (Appendix-Fig. 1); after several 
washing steps the fluorescence image is registered and stored; the fluorescence signal is then 
destroyed by "soft" diffuse multi-wavelength excitation avoiding any energy transfer-induced 
alteration of the proteins in the cells; after registration of the resulting "endpoint" image (post- 
bleaching image) the second cycle (RIIBC) is automatically started by applying the second 
dye-conjugated antibody, and so forth. RIIBC can involve a large number of antibodies, 
clearly hundreds, to tag proteins in cells. The AB*s applied to the sample remain bound in situ 
and, according to SLASDIC, do not hinder the binding kinetics of other antibodies applied 
thereafter. This can be proven by means of repetitive runs, when the antibodies are used at an 
undersaturated concentration. Appendix-Fig. 3 gives an example of repetitive runs using a 
library containing 18 different AB's against cell surface receptor proteins of lymphocytes. 
After run 1 the same AB library at the same AB concentration is applied a second (run 2) and 
a third time (run 3) to the same sample. As illustrated by direct comparison of the 
<x)rresporiding ephope-signals in the different runs (Appendix-Fig. 3, horizontal collection of 
images), the subcellular location of corresponding protein signals in run 2 and run 3 are 
identical, although the intensity of the signals decline from run 1 to run 3, as expected, 
according to the progressive antibody saturation of remaining free epitope binding sites. In 
order to illustrate the feet that a progressive "load" of the cell surface by antibodies applied in 
run 1 does not hinder the subcellular specificity of binding of AB applied in run 2, one cell 
denoted as ceD 1 in Appendix-Fig. 3 is depicted. The cell surface of this cell shows 4 
characteristic toponome units (TU) by differential abundances of different cell surface 
receptor molecules thereby uncover 4 different functional plasma membrane domains. 
Appendix-Fig. 4 shows the pixel plot of the antibody No. 1 of the depicted cell 1 in 
Appendix-Fig. 3. This antibody labels cell 1 in defined pixels in run 1 (Appendix-Fig. 4 red 
bars). The green and the blue bars illustrate the decline of the fluorescence intensity in run 2 
and run 3 , respectively, whilst the topological patterns of labelled pixels of the three runs are 
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identical. This indicates, quantitatively, that the AB No. 1 repetitively recognises the same 
subcellular sites substantiating the SLASDIC principle. It has been demonstrated by 
numerous internal protocols that SLASDIC is given in all human tissues and cell types 
examined so far, i.e. approx. 1000 human samples in the years 1 990-1997. 

Image Processing 

The steps of image processing involve proprietary robust software tools for image correction, 
threshold setting, signal alignments, and object segmentation, finally leading to clearly 
defined objects, which can be segmented towards non-objects (i.e. background). Because of 
limited space these algorithms are not further detailed here. Briefly, alignment of signals is 
shown in Appendix-Fig. 5, providing the possibility to map cellular or subcellular toponomic 
fingerprints. 

Data mining and nomenclature 

a) Cellular and subcellular TF 

Cellular TC (cTF) are schematically illustrated in Appendix-Fig. 5, c. They are defined as a 
characteristic collection of cellular combinatorial protein patterns (cCPP) composed of single 
fluorescence intensities, which correspond to single labelled proteins quantified as an integral 
over the cell. Typically, TF are highly specific for a cell type, a fimctional state of a cell (such 
as in disease) or a tissue. As illustrated in Appendix-Fig. 5c, these cCPP are highly 
heterogeneous, but this heterogeneity is non-random. By definition subcellular TF (sTF) are a 
characteristic collection of subcellular CPP (sCPP) containing protein clusters with improved 
spatial resolution. Subcellular TF are illustrated below for hepatocytes in culture (see 
biological example I). 



b) Visualisation and quantification of toponomic fingerprints 

Appendix-Fig. 6 illustrates schematically a simple visualisation method for TF comparing two 
different cell systems. Visualization of TF in two-dimensional plots (fingerprints) is a straight 
forward solution. All CPP's within the TF are expressed as a combinatorial binary code in 
which each protein is denoted as absent or present above a threshold level (0/1). A fixed 
"reading frame" (x-axis) contains all theoretically possible CPP's. The CPP as a binary code 
can be transformed into a decimal number on the x-axis. This decimal number is plotted 
against the frequency of the CPP's (y-axis) in the sample. The resulting TF contain all 
occurring CPP's as well as "silent areas", which indicate that the corresponding theoretical 
CPP's on the reading frame do not occur in the biological system measured The combination 
of occurring CPP's and silent areas together make up the TF of a cell system. These TF 
pinpoint differences between treated and untreated biological samples, or between different 
cell systems or diseases. Note the differences of TF between cell system 1 and cell system 2 
(Appendix-Fig. 6). Matching these TF reveals a difference map containing the CPP-Clusters, 
which are specific for the given cell system. By detailed analysis of these system-specific 1 
CPP-chisters one protein common to all CPP's within the cluster, is identified. This protein is 
called the "leading protein" (protein 1 in Appendix-Fig. 6). In our example this protein is 
inversely correlated with protein 2 (always absent) and variably associated with proteins 3 to 
n (wild cards). We call this constellation a CPP-motif. This CPP-motif represents the 
hierarchy of proteins, among which the leading protein is the key player (potential target 
protein). We have developed an algorithm called "motif-finder", which allows us vto 
automatically identify CPP motifs with high statistical significance among different 
comparison groups, for example, control group and treatment groups. Assuming that MELK- 
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measurements were made of M treated and N untreated biological samples, the Data-Mining 
screens all possible motifs for significant differences. This is done by comparing the relative 
frequencies of a motif in the treatment group with the relative frequencies of the same motif 
in the control group using the standard student's t-test or the more robust Wflcoxon Sum Rank 
test. The output is a set of CPP-motifs characterizing the difference between the treatment and 
the control groups. 

We have also developed in collaboration with external groups two further independent 
methods to detect highly significant functional linkages of topological associations of 
proteins. One approach we call "Subset Surprisology" (research group around A. Dress, Univ. 
of Bielefeld). The other algorithm is based upon a specific artificial neuronal architecture 
(research group around T. Nattkemper and H. Ritter, Univ. of Bielefeld). 
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Biological example I 



Two-dimensional toponomic fingerprinting of Hepatocy tes in culture 

This example illustrates a 2D-toponomic fingerprinting approach to hepatocytes in culture 
with subcellular resolution. Control cells and treated cells are compared. We have mapped 
simultaneously 23 different proteins present in different compartments of the cells. Out of a 
large data set we illustrate here the distribution of the 30 most frequent sCPP's coded in 
different colours. Appendix-Fig. 7 gives the list of the most frequent sCPP's out of 105.732 
occurring CPP's in the control group and 82.560 CPP's occurring in the treated cells. Note 
that the simultaneous mapping of 23 proteins at binary coding. (0/1) comprises a theoretical 
possible maximum number of 8.388.608 CPP's. Hence the present toponome data set reveals 
1.26 % and 0.98 % of the maximum number of CPP's in the control cells and the treated cells, 
respectively. Appendix-Fig. 8 shows the comparison of control and treated cells 
demonstrating substantial quantitative and topological differences between these two groups. 
By "massive parallel toponomic fingerprinting" the differences can be precisely quantified by 
TP-line plots (not shown here). Appendix-Fig. 9 gives a detail of the control cells. Appendix- 
Fig. 10 gives two details of the treated cells. Appendix-Fig. 9 illustrates precise subcellular 
landmarks of, for example, the outer surface and the more internal parts of the plasma 
membrane of a control cell outlined by protein P 19 (glycocalix) and PI + P19 (unit 
membrane). By contrast Appendix-Fig. 10 (upper image) representing treated cells, illustrates 
the molecular architecture of the plasma membrane of a cell extension (treated cell), which is 
different to the untreated cells by showing solely protein PI, but absence of protein PI 9. This 
indicates selective absence of specific gfycocalix- substructures at the latter sites. Appendix- 
Fig. 10, lower image, illustrates simultaneously the clustering of proteins PI + P19, and PI + 
P10 present at the tip of growth cones formed by cells under the influence of treatment. This 
latter event is due to abnormal translocation of unrelated proteins (specific treatment 
response). 
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Three-dimensional mapping of toponomic subcellular "landmarks" of 
hepatocytes in culture as a basis for subcellular mapping of functional 
protein complexes and their annotation to compartments 

The Appendix-Fig. 11 through Appendix-Fig. 16 give defined steps of the generation of 3D 
images of six simultaneous subcellular "landmark" molecules in hepatocytes. These 
landmarks, which can principally be extended to dozens of more landma r k molecules, are the 
basis for "reading in" hepatocyte-speciSe protein complexes in defined subcellular sites. 
These landmarks form the basis for the deciphering of the hepatocellular toponome. 
Technically, the present example shows the ability to map intracellular as well as surface 
marker molecules simidtaneously: Appendix-Fig. 11 gives the overview; Appendix-Fig. 12 
shows the optical section through the intracellular distribution patterns of 6 subcellular 
markers. Appendix-Fig k 13 shows one single optical section illustrating a deconvolved image 
of each single marker molecule-pattern; Appendix-Fig. 14 gives the 3D composition of the 
whole stack (Appendix-Fig. 12). The Appendix-Fig. 15 and 16 give two sectional views of the 
3D image. 



Biological example m 

Three-dimensional toponomic fingerprinting to detect protein-complexes in 
tissue sections of the spinal cord (results of a feasibility study to map 
protein complexes in defined subcellular sites) 

The Appendix-Fig. 17 and 18 substantiate the principle ability of TF to detect protein 
complexes in situ. The example shqws the simultaneous mapping of thousands of siugle 
synapses in the spinal cord. Appendix-Fig. 18 shows a detail of Appendix-Fig. 17 and directly 
denotes presynaptic and postsynaptic protein^arterns. The postsynaptic protein complexes are 
formed by NMDA and NMDA-related protein femffles. Note that this approach can involve at 
least hundred proteins simultaneously enabling the analysis of the local rules specifying 
synaptic "qualities". This approach is a powerful tool in conjugation whh biological 
experiments. This successful feasibility study provides strong evidence for the ability of TF to 
map protein networks on the single cell level in situ. We expect that these experiences to be 
applicable to thorough mapping the hepatocellular toponome applying selected tag libraries. 



10 



PACE 53/102 * RCVD AT 2/8/2008 5:50:21 PM [Eastern Standard Time] * SVR:USPTO-EFXRF-6/28 * DNIS:2738300 * CSID: 61 76950892 * DURATION (mm-ss):40-48 



02/08/2006 18:12 FAX 6176950892 



WSGL 



@J054 



Confidential 




-a**"**^' 'Methods 

Peripheral blood nuclear cells (MNC) were collected from venous blood of 7 healthy 
individuals of 7 healthy individuals and from 9 sporadic ALS patients using Ficole-gradient 
isolation procedures. Cells were than diluted to a concentration of 3,5x10 cells in PBS, 
placed on cover slips and subjected to a two step water extraction procedure in order to 
stabilize the cellular proteins. 

The cells were measured in the MELK robots using proprietary protocols which guarantee 
high reproducibility of the results. 



Image Processing 2D 

Raw images of every run underwent evaluation by a scientist to ensure that the run meets 
MelTec's quality standards before entering into image processing. Image processing starts 
with image correction. It mainly consists of background correction and normalisation of the 
dynamic range of intensities^ 
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Fig. 3 Fluorescence image before and after corrections. Illustration of control cells 

A pre-requisite to generating toponome fingerprints is designating a binary code to each 
marker for each pixel where: 

• 1 indicates that the marker is present above the threshold level 

• 0 indicates that the marker is not present above the threshold level 

The threshold is set by MelTec's threshold algorithm, which is based on robust statistical 
properties of the images. The method ensures threshold above the noise floor of the image. It 
is possible to choose different threshold levels. 
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... J**i*- 



Different threshold levels: Fluorescence image (top left), Binary images: low threshold (top rleht), 
medium threshold (bottom left), high threshold (bottom right). 



In a last step of image processing, areas of interest are defined using markers, which are 
specific for different compartments (e.g. nuclei, mitochondria, cytoplasm etc.), and advanced 
image segmentation algorithms. 



Fig. 5 Segmented image (white: background, yellow: cytoplasm, black: nuclei). 

Image Processing 3D 

For 3D-imaging of ALS and control MNC z-stacks of 8 consecutive sections (500nm layer) 
for each marker have been obtained. The 500nm steps were overlapping. The images have 
been processed as described under "Image Processing 2D". Additionally all images have been 
corrected for the bleaching effect and underwent deconvolution. 



From Images to CPPs and CPP-Motifs 



With a binary code, cells can theoretically combine the n screened markers in 2" different 
combinatorial protein patterns (CPP). An example of a binary code (CPP) is shown in the 
following table: 




Marker 1 


Marker 2 


Marker 3 




Marker N 


Yes 


No 


Yes 




Yes 


1 


0 


I 




1 



Table 1 From threshold to biuary codes. 
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All pixels of a run or a set of runs are analysed concerning their specific CPP (s-CPP). Then 
the s-CPPs can be summarized in a code table, by listing the specific binary codes (s-CPPs) 
and their absolute or relative frequency. 



Code-Table of one Run: 







s-CPP 


1 


1 


1 


1 


0 


0 


1 


1 


0 


1 


4031 


s-CPP 


1 


0 


1 


1 


0 


0 


1 


1 


0 


1 


2738 


























s-CPP 


1 


1 


0 


1 


0 


0 


1 


0 


0 


1 


40 



Table 2 Code table of one run. 



In order to find relevant protein combinations, MelTec screens the s-CPPs for a common 
denominator, a so called CPP-motif. For example, the motif '01+*' denotes all combinations 
where marker 1 is absent (0) and marker 2 is present (1), while each of the other two markers 
can be present or absent (*). As for CPPs, CPP-motifs can be counted and used for statistical 
analysis comparing a control with a treatment group. The steps from CCPs to CPP-motifs 
have been summarized in Figure 6. 
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Setting a threshold 
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Sub-Table B: Set threshold 
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Sub-Figure A: 
Image Alignment 
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Sub-Table A: Pixel intensities 
Fig. 6 Steps from Image to CPP 



Sub-Table C; Collect CPPs 



Motif-Finder 

To statistically analyse the effect of a disease on the cell surfece protein toponome, the 
relative frequencies of CPP-motife in control and disease groups are compared using the 
standard student's t-test or the more robust Wilcoxon Rank Sum test. The output of the data- 
mining phase is a set of CPP-motife that characterizes the difference between the treatment 
and the control group. 



Quality of Motifs 

Two groups of motifs can be distinguished: 

1. Motife that separate the groups, e.g. control and treatment, in a paired test (lower 
quality) 

2. Motifs that separate the groups in paired as well as in an unpaired test (higher quality). 
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Motife, which are strongly affectedor newly generated in a disease, will show a statistically 
-rsignrficant*change:in"fi^ueiKy in the paired and the unpaired test. For motifc, which are more 
subtly altered, differences between disease and control group can only be detected using a 
paired testing. " ° 



Visualisation of Results 

Box plots and response plots are used to visualize results and are described below. 
Box plots 




Column Number 



Pig. 7 Box plot 



The graph shows an example of a notched box plot. It is composed of several graphic 
elements: 

1) The lower and upper lines of the "box" are the 25th and 75th percentiles of the sample. 
The distance between the top and bottom of the box is the interquartile range. 

2) The line in the middle of the box is the sample median. If the median is not centered in 
the box, that is an indication of skewness. 

3) The "whiskers" are lines extending above and below the box. They show the extent of 
the rest of the sample (unless there are outliers). Assuming no outliers, the maximum 
of the sample is the top of the upper whisker. The minimum of the sample is the 
bottom of the lower whisker. The plus sign at the top of the plot indicates data points, 
which are more than 1 .5 times the interquartile range away from the top or bottom of 
the box. 

4) The notches in the box are a graphic confidence interval about the median of a sample. 
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Results: abnormal cell surface protein cluster in ALS 

Identification of abnormal protein clusters on the cell surface of peripheral 
mononuclear cells in ALS 

In order to analyse the cell surfece differentiation status of peripheral blood mononuclear 
cells, we have used the MELK robotic approach (US-Patent, 6.150.173, 2000). This study was 
motivated by preliminary data suggesting that abnormal cellular phenotypes of the immune 
system might be present in the blood of ALS . 

Application of the MELK technology included the use of alibrary of 18 different monoclonal 
antibodies directly conjugated to a dye (FITC) as outlined in the method section. These 
antibodies were all directed against well characterized cell surfece proteins, most of them 
belonging to cell surfece adhesion receptors and cell surfece proteolytic enzymes. Table 3 
gives the summary of these molecules and the specification of the monoclonal antibody 
library. 



Tab. 3: Specification of proteins 



protein (p), 
lectin (0 


Specification 


CD2(p) 


SRBC receptor, ligand for LFA-3 


CD3 (p) 


CD3 complex associated with T cell antigen receptor TCR 


CD4(p) 


co-recognition receptor for MHC class II with TCR 


CD7(p) 


Fc receptor for IgM "FcuR M 


CD8 (p) 


co-recognition receptor for MHC class I with TCR 


CDllb(p) 


aM integrin chain of MAC- 1 complex 


CD16<$)n; 


Fey RIH receptor for selective binding of IgGl and IgG3 


CD19 


B-ceD receptor 


CD26 


Dipeptidyrpeptidase IV, Collagen receptor 


CD36(p) 


GP IV, collagen receptor 


CD38(p) 


gp 45 receptor involved in leucocyte activation 


CD45RA (p) 


restricted leucocyte common antigen isoform containing at least exon A 


CD56 (p) 


neural cell adhesion molecule (NCAM) 


CD57 (p) 


HNK-1 receptor 


CD62L (p) 


L-selectin 


CD71 (p) 


transferrin receptor 


HLA-DR (p) 


MHC class II receptor 


HLA-DQ (p) 


MHC class II receptor 
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We studied blood sauries from 9 patients with the sporadic form of ALS and from 7 healthy 
individuals. ■ s -~ t *LX*i r *.:-' - 

To analyse the cell surface Toponome data of 1 8 different cell surface proteins we have used 
a 2D and a 3D approach In the 2D approach the cells were visualized in the 2D mode of the 
MELK-robotic set up. These cells were then quantified using proprietary pattern recognition- 
algorithms including our motif-finder (see method section). The CPP motif-finder algorithm 
is a powerful data mining tool to find abnormal protein clusters in diseases. 
Principally, on the level of 1 8 different cell surfece proteins, a maximum number of possible 
protein combinations assembled as moths of 3 18 (387 Mio.) can be expected, when each 
protein is captured as a binary value above a threshold [1/0] and wild card (*). In our data set 
we found 140 really occurring and highly specific CPP motifs out of 387 Mio. possible motifs 
(pO.025). 

Table 4 gives the total list of ALS -specific motifs, i.e. abnormal cell surfece protein clusters 
in ALS related to most significant abnormal cell surfece protein clusters in ALS. 

Table 4 

Doclmal Proteins Motif BasaMoflf' P-Value MV-ALS MV-Contr MVT- Ratio (WT 

code MVC MVC) 
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same visual field. Note that many of the cells carry abnormal protein clusters. 
Fig. 9 gives all optical sections through each of the 3protein signals indicated by an arrow in 
Fig. 10a). Fig. 10b) gives the most significant 3D cell surfece protein clusters in ALS and Fig. 
10a) gives the 3D visualisation of all the cells shown as an optical section illustrated in Fig. 8. 
As indicated by the different colours (Fig. 10a) each protein has a unique distribution pattern 
over the ceil surface of this individual MNC. Some areas of this MNC show a substantial 
overlap of the protein signals whilst other parts of the cell surface are characterised by one of 
these proteins alone. Note that each protein pattern is demanded as rendered volume on the 
cell surface of each MNC. Overlapping sites of the proteins are not visualized. 
Fig. 1 1 gives another cycle of the cell surface protein cluster shown in Fig. 10a. 
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Fig. 10 
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Fig 11 

Together the data indicate, that both in normal i ldividuals and in ALS there are several CPP 
motifs which contain CD16 as the "leading pro* nn", but the motifs are inherently different 
from each other: 

In normal individuals CD 16 co-clusters with CD I lh/CD2 or hladr; if CD 16 co-clusters with 
hladr the following molecules are always absent CD1 lb, CD621, CD36 and CD 4. This 
indicates that this invers correlation of cell surface receptors is important for the normal state 
of MNC. 

In contrast, in ALS-CD16, w h ich co-clus ters with hladr does strictly also co-cluster 
withCD36 or CD36 + CD 621, but never with CjDl lb. In addition CD 16 in ALS does also co- 
cluster with CD45ra. These clusters strictly exclude hladr and CD1 lb. 
Together these ALS-specific cell surface protein clusters indicate presence of abnormal cell 
surface differentiation events. On the basis of the given high statistical significance these data 
represent a valid peripheral biomarker for ALS and basis for CD 1 6-oriented modification 
therapy. 
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Observation: Increasing densities (p) 
of mAb —receptor complexes gene- 
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bgical specificity of mAb binding. 
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Two-dimensional toponome fingerprinting 

of 

Hepatocytes in Cnltnre 
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Biological Example II 



Threedimensional mapping of subcellular 
toponome "landmarks" of 
Hepatocytes in culture 
as a 

basis for mapping-in functional 
protein complexes 
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■ PI- Cytokeratin marker 

■ p 2 - Mitochondrial marker 

□ P 3 - Golgi-trans Golgi marker 

■ P 4 - DNA marker 

■ P 5 - Trans Golgl vesicle marker 

■ p 6 - Integrin complex 




Fig. 14 
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Biological example III 



Threedimensional toponome fingerprinting 

to detect 

protein-complexes in tissue sections 

of 

the Spinal Cord 
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Since the description of the first mouse knockout for an IgG Fc receptor seven years ago, 
considerable progress has been made in defining the in vivo functions of these receptors in 
diverse biological systems. The role of activating FcyRs in providing a critical link 
between ligands and effector cells in type II and type III inflammation is now well 
established and has led to a fundamental revision of the significance of these receptors in 
initiating cellular responses in host defense, in determining the efficacy of therapeutic 
antibodies, and in pathological autoimmune conditions. Considerable progress has been 
made in the last two years on the in vivo regulation of these responses, through the 
appreciation of the importance of balancing activation responses with inhibitory signaling. 
The inhibitory FcR functions in the maintenance of peripheral tolerance, in regulating the 
threshold of activation responses, and ultimately in terminating IgG mediated effector 
stimulation. The consequences of deleting the inhibitory arm of this system are thus 
manifested in both the afferent and efferent immune responses. The hyperresponsive state 
that results leads to greatly magnified effector responses by cytotoxic antibodies and 
immune complexes and can culminate in autoimmunity and autoimmune disease when 
modified by environmental or genetic factors. FcyRs offer a paradigm for the biological 
significance of balancing activation and inhibitory signaling in the expanding family of 
activation/inhibitory receptor pairs found in the immune system. 
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Regulation of antibody responses via antibodies, complement, 
and Fc receptors. 

Heyman B . 

Department of Genetics and Pathology, Uppsala University, Sweden. 
birgitta.heyman@genpat.uu.se 

Antibodies can completely suppress or enhance the antibody response to 
their specific antigen by several hundredfold. Immunoglobulin M (IgM) 
enhances antibody responses via the complement system, and complement 
activation by IgM probably starts the chain of events leading to antibody 
responses to suboptimal antigen doses. IgG can enhance primary antibody 
responses in the absence of the complement system and seems to be 
dependent on Fc receptors for IgG (FcgammaRs). IgE enhances antibody 
responses via the low-affinity receptor for IgE (FcepsilonRII/CD23). The 
precise effector mechanisms that cause enhancement are not known, but 
direct B-cell signaling, antigen presentation, and increased follicular 
localization are all possibilities. IgG, IgE, and IgM may also suppress 
antibody responses when used in certain immunization regimes, and it 
seems reasonable that an important mechanism behind suppression is the 
masking of antigenic epitopes by antibodies. In addition, FcgammaRIIB, 
which contains a cytoplasmic inhibitory motif, acts as a negative regulator 
of antibody responses. This receptor, however, may prevent the antibody 
responses from exceeding a certain level rather than causing complete 
suppression. 
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Nature Reviews Immunology 2, 580-592(2002); doi:10.1038/nri856 



ROLES OF FC RECEPTORS IN AUTOIMMUNITY 



Toshiyuki Takai about the author 
Abstract 

The receptors for the Fc of immunoglobulins, Fc receptors (FcRs) f 
link the humoral and cellular branches of the immune system, and 
they have Important functions In the activation and down-modulation 
of immune responses. Balanced signalling through activating and 
inhibitory FcRs regulates the activity of various cells fin the immune 
system. Recent work in animal models indicates that the 
development of many human autoimmune diseases might be caused 
by Impairment of the FcR regulatory system. This review provides an 
overview of the mechanisms of FcR-based immune regulation and 
describes how autoimmune disease might result from Its 
dysfunction. 

Summary 



• Fc receptors for immunoglobulin G (FcyRs) link humoral and cellular 
Immunity by binding antigen-IgG immune complexes and internalizing the 
complexes for efficient antigen presentation. FcyRs comprise many 
activating-type receptors and a unique inhibitory receptor, FcyRIIB. 

• FcyRIIB is a crucial element of peripheral tolerance. Its absence renders B 
cells and effector cells hyperresponsive to autoantlgens. 

• In the absence of the Fc-receptor common v-chain, a pivotal adaptor for 
activating signalling, mouse models do not develop spontaneous or induced 
autoimmune disease due to the lack of activation of effector cells, such as 
macrophages. 

• FcvRIIb-deficient mice have enhanced responses In some autoimmune 
disease models. Spontaneous onset of disease is sometimes observed in the 
mutant mice. 

• Enhanced antigen presentation by Fc receptors on dendritic cells can be 
an Important step in the development of some T-cell-mediated autoimmune 
diseases. 

• Polymorphisms In the ectodomains of human Fey Rs are risk factors for 
autoimmune diseases. 

• Some polymorphisms are found in the human FcyRIIB gene, but 
information on their relation to autoimmune diseases is still required. 

• The dynamics of the intimate collaboration between activating and 
inhibitory FcvRs might determine the balance between tolerance and 
autoimmunity. 
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Fc receptors are major mediators of antibody based 
inflammation in autoimmunity. 

Hoga r th P M . 

Helen McPherson-Smith Laboratory, Austin Research Institute, Heidelberg, 
VIC, Australia, pm.hogarth@ari.unimelb.edu.au 

There is now renewed interest in the role of antibodies in autoimmunity. 
Recent compelling evidence indicates that autoantibodies and the effector 
mechanisms they induce, for example, Fc receptor activation of leukocytes 
and/or the complement cascade, are central players in the development of 
autoimmunity, by perpetuating inflammation and perhaps even regulating 
the process itself. Of increasing interest are Fc receptors, which have been 
more closely investigated in the past decade using recombinant proteins, 
gene deficient mice and mouse models of human disease. These analyses 
point towards major roles of Fc receptors in antibody hypersensitivity 
reactions and by extension autoimmune disease, and they reveal 
opportunities in the development of novel therapeutic approaches in the 
treatment of autoimmune diseases. 
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Almost every cell of the immune system expresses receptors 
that are specific for the Fc region of Ig isotypes. The Fc 
receptors for IgG (FcyR) play a critical role in immunity by 
linking the IgG antibody mediated responses with cellular 
effector and regulatory functions of the immune system. 1 
Depending on their cytoplasmic region and /or their associated 
chains, FcyR display both coordinate and opposing roles in 
immune responses (Figurel). The activating receptors contain 
an ImmunoreceptorTyrosine-based Activation Motif (1TAM) in 
their cytoplasmic region or in their associated signal 
transducing units." They initiate inflammatory, cytolytic and 
phagocytic activities of immune effector cells/ The inhibitory 
receptors contain an Immunoreceptor Tyrosine-based 
Inhibitory Motif (ITIM) io their cytoplasmic tail. 5 Upon cross- 
linking with ITAM- containing receptors, they down regulate 
responses. For instance, the inhibitory receptors negatively 




Figure J 



regulate Antigen -specific proliferation and differentiation of B 
cells, IgE-triggered mediator release by mast cells and 
internalization of IgG-immune complexes by macrophages. 6 
Three classes of FcyR exist. FcyRI are high affinity receptors (Kd 
= 10'" M for mono m eric IgG) whereas FcyRII and FcyRIII exhibit 
low affinity for monomeric IgG, with Kd for monomeric IgG 




r zxprasfan defends on their activation stntits. Samt ftgft are aba expressed on 
Uoigjiaans cells. Eosinophils, Ptatckta, ButufieHar cdk, Afcavrgfei celb. Metastatic meiinotna) 

Table 1 

All cell types of the Immune System express functional FcyR 

ranging from 10 s to 10 7 M. The receptors are composed of two 
extracellular domains (FcyRII and FcyRIII) to three extracellular 
domains (FcyRI) and belong to the Ig-super family. Whereas 
FcyRI, FcyRIIa and FcyRIII are activating receptors, FcyRIIbl 
and FcyRIlb2 are inhibitory- receptors generated by alternative 
splicing. With the exception of NK cells and B cells that 
exclusively express FcyRIIIa and FcyRIIb respectively, most cell 
types express both activating and inhibitory receptors (Table 
I)/ The cellular response depends on the ratio between 
activating and inhibitory receptors, and hence on the cytokine 
environment, since Thl and Th2 cytokines up-regulate the 
expression of activating and inhibitory receptors respectively. 
FcyRIIIb is the unique FcyR anchored to the plasma membrane 
via a C-terminus-bnked GPI moiety. 7 Present exclusively on 
neutrophils, it plays a predominant role in binding of immune 
complexes, and its aggregation activates phagocytosis, 
degranulation, and the respiratory burst leading to destruction 
of opsonized pathogens/- 9 Activation of neutrophils leads to 
secretion of a proteolytically cleaved soluble form of the 
receptor corresponding to its two extracellular domains. 10 
Soluble FcyRIIIB exerts regulatory functions by competitive 
inhibition of FcyR-dependent effector functions and via 
binding to the complement receptor CR3," leading to 
production of inflammatory mediators. 
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Recent progress in the FcyR field led to the concept that FcyR 
control the balance between autoimmunity and tolerance in 
the periphery, in addition, their opposing roles in antibody- 
dependent effector cell responses makes them important 
partners for antibody-based therapies, 

Hourtti receptors buuC &}Q 

The Fc region is separated from the antigen binding parts of 
the IgG molecule by a flexible hinge region and forms two 
structural domains, the CH2 and CHS domains. Cellular and 
structural approaches have shown that the lower hinge region 
contains the major binding site for FcyR. It is established that 
cross-linking of FcyR membrane molecules is a prerequisite to 
IgG-mediated cell activation. Since the Fc portion is composed 
of two identical polypeptide chains that are related to each 
other by a two-fold axis, each IgG molecule may potentially 
bind up to two FcyR and initiate cellular responses even in the 
absence of multivalent antigen. However, stoichiometry of the 
interaction of soluble FcyRII or in with IgG is 1:1, in solution. 
Studies by NMR have suggested that a rearrangement occurs in 
the lower hinge of one heavy chain upon the binding of one 
FcyR molecule, which may preclude the binding of the second 
FcyR to the second heavy chain Fc thus providing an 
explanation to this 1:1 stoichiometry of the interaction. 12 
Except for FcyRU, all known FcR are members of the Ig 
superfamily. The crystal structures of the extracellular domains 
of FcyRII, 1M4 and FcyRIII 15 show remarkable similarity. The 
receptors consist of two extracellular Ig-like domains, Dl and 
D2, with acute interdomain hinge angles of 50-55°. unique to 
Fc receptors, and with a Fc-binding region located in the D2 
domain. The recent crystal structure of the FcyRIllB-Fcyl 
complex' 617 has revealed that the receptor-tigand interface 
consists of the BC, C'E, FG loops and the C b strand of the D2 
domain, the hinge loop between the Dl and D2 domains of the 
receptor providing additional interactions with Fey (Figure 2). 
The receptor binds assymetrically to the lower hinge region of 
both Fc heavy chains, creating a 1:1 receptor ligand 
stoichiometry.' 7 Low affinity FcyR have a low affinity for 
monomelic IgG but their biological role is to bind immune 



Fab 




FcyEIIdrlll 



complexes. Parallel dimers have been found in FcyRIIIb crystal 
lattice- Their biological existence still has to be proven. 
However, it is possible that dimerization increases the avidity 
for immune complexes and subsequently facilitates cell 
activation. 

teles effdy receptors uvautoim^HUKoty 

Mice deleted for the ITAM-bearing signal-transducing y chain 
associated with FcyRI and FcyRIII or for their respective ligand 
binding chains have impaired in vitro lgG-dependent 
phagocytic and ADCC responses (Table II). tMMD Since the y 
chain is associated with the high affinity receptor for IgE, the y- 
chain deficient mast cells are unable to respond not only to IgG 
but also to IgE- These mice are unable to mount type I and type 




Figure 2 

Schematic view oflgG-Fc^Rir orFcrTU interaction 



PHENOTY Pl£= iOf*; MICE DErUCTEP&f IN INHIBITORY KECtPTjpHS, 




. in vivo sfrtdics : 



Tables 

Inhibitory receptors control inJlammailon and maintain peripheral tolerance 
OC: Immune Complexes, EAE Experimental Autoimmune 
Encephalomyelitis) 

in hypersensitivity reactions and are resistant to the induction 
of autoimmune diseases. 2 ' In contrast, mice deficient for the 
FcYRUb gene exhibit enhanced inflammatory responses in 
vitro and are prone to spontaneous and induced autoimmune 
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diseases (Table III).' These data obtained in mice have led to 
the concept that many systemic autoimmune diseases are 
under FcyR control (Figure 3). Complement indeed plays a 
crucial role in autoimmune- media ted inflammation. Most 
probably, activating FcyR control autoimmune reactions by 
increasing the uptake of immune complexes and by triggering 
effector macrophages whereas the inhibitory receptors control 
the activation of autoreactive B cells and thus maintain 
peripheral tolerance. In addition, FcyREb regulates the 
clearance of immune complexes by mononuclear phagocytes 
present in the spleen and liver. In the human, variants of low 
affinity FcyRIIa and FcyRIIIa exist, with reduced affinity for 
immune complexes due to mutations in or near the IgG- 
binding site.-" 3 Linkages between such FcyR polymorphisms 
and autoimmune diseases such as SLE, RA f Guillain Barr6 
syndrome, and multiple sclerosis have been described. In 
addition, polymorphism in the FcyRIIIb-NA antigens (related 
to FcyR glycosylation) seem also to be involved in systemic 
autoimmune diseases. 
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FcyR control the To leraoce -Auto immunity balance 

Holes of F&{ receptors uu antibody-based, 
therapies 

There has been a renewed interest in the last few years in the 
use of monoclonal antibodies (mAbs) in the diagnosis and 
treatment of various tumors 24 (Table IV). The most impressive 
clinical results have been obtained with Rituximab, a chimeric 
anti-CD20 mAb in the treatment of B cell lymphoma. 25 
Herceptin, a humanized mAb that recognizes the human 
oncoprotein HER-2/neu overexpressed in some breast cancers 
and other tumors, induces clinical responses. 2 " Other mAbs 
such as Campath-lPl or 17- 1A produced encouraging results in 
the treatment of chronic lymphocytic leukemia 27 or colorectal 
carcinoma" respectively There is increasing evidence that the 
Fc portion of the anti-tumor mAbs is a major component of 
their therapeutic activity, through binding to FcyRs expressed 
by effector cells present in the tumor microenvironment. The 
polymorphisms of FyRTIIb (Val/Phe^) and FcyRIIa (His/Arg'«) 
Uiat affect binding of I gG- immune complexes predict the 
response to Rituximab in patients with follicular lymphoma, 
supporting the hypothesis that ADCC by NK cells and 



macrophages plays an important role in the clinicat effect. 53 - 30 
As demonstrated in Fey receptor-deficient mice, the anti- 
tumor effects of Rituximab and Herceptin require the presence 
of the signal transducing y chain to activate FcyRI and FcyRHI 
expressed 011 monocytes/ macrophages and NK cells and are 
down regulated by inhibitory FcyRIIb at the 
monocyte/macrophage level. 11 The improved efficacy in tumor 
eradication of bispecific molecules (BSMs) that have one arm 
specific for tumor cells and the other specific for FcyRs on 
immune effector cells, further illustrates the major role of 
FcyRs in mAb immunotherapy. 33 The FcyR-dependent 
biological activities of therapeutic mAb's can indeed be 
extended to polyclonal IgG, As shown in experimental systems 
and in man, the efficacy of polyclonal IgG preparations from 
normal individuals (Intravenous Irnmunoglobulins) that are 
currently been used for therapy of many autoimmune diseases 
depends upon their interaction withhosfs FcyR. 3 ** 

In view of their pivotal role in the activation and regulation of 
IgG-dependent effector responses, FcyR provide new tools not 
only to predict the response to antibody-based therapies but 
also to manipulate the patient's response to treatment. 
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Table 4 

Clinical trials based on MAb ihempy (source Sept 2003 
http://cHnicalirials.gav) 

(* Percentage of the total MAb based trials, HP: Idiopathic 
Thrombocytopenic Purpura) 

Ectopic, expression* of F<fflL oto noto- 
kex<At&pcce£c tzma>r cells 

The first studies indicating that non-hematopoietic tumors 
may express FcyRs were performed on a variety of 
experimental tumors- 15 and human cancers. 3 ^ However, the 
ectopic expression of FcyRs by non- hematopoietic tumor cells 
was controversial because the presence of inflammatory cells 
was quickly demonstrated at the tumor site 38 and because FcyR 
expression was lost during short-term culture of tumor cells in 
vitro. 30 In the last few years, studies were initiated analyzing the 
expression of FcyRs by tumor cells of non-hematopotetic 
origin. The studies demonstrated that tumor cells from about 
40 percent of human metastatic melanomas tested expressed 
inhibitory FcyRIlbl in vivo and ex vivo." In earlier studies using 
Polyoma virus -induced mouse tumors expressing FcyRIlbl. it 
was shown that this receptor confers an in vivo growth 
advantage to tumor cells and increases their malignancy." It 
was hypothesized that increased tumorigenicity mediated by 
FcyRIlbl could involve immunological mechanisms. For 
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example, FcyRIIbl expressed by tumor cells could block 
complement-dependent lysis of tumor cells or could protect 
tumor cells from ADCC by binding the Fc portion of Abs 
covering tumor cells. 41 Recently, it has been shown that 
FcyRHbl expression by human metastatic melanomas has a 
profound down regulatory impact on tumor growth and uptake 
in nude mice. This effect is under the control of IgG anti-tumor 
antibodies.* 10 

CcnclurioHs 

The knowledge about FcryR functions and structure has iudeed 
progressed a lot since their original discovery in the 70s. nAVM * 
Not only are Fcr/R important molecules that mediate and 
control the effector functions of IgG antibodies, but they also 
control the autoimmunity-tolerance balance in the periphery. 
Furthermore, they are major agents of the efficacy of 
therapeutic antibodies. The recent description of the crystal 
structure of the FcyR/Fc complex opens new possibilities to 
manipulate FcyR/Fc interactions and hence the efficacy of 
such antibodies. 
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